In this article we study magnetotransport in single nanoparticles of Ni, Py=Ni 0.8 Fe 0.2 , Co, and Fe, with volumes 15 ± 6nm 3 , using sequential electron tunneling at 4.2K temperature. We measure current versus magnetic field in the ensembles of nominally the same samples, and obtain the abundances of magnetic hysteresis. The hysteresis abundance varies among the metals as Ni:Py:Co:Fe=4 :50 :100 :100(%), in good correlation with the magnetostatic and magnetocrystalline anisotropy. The abrupt change in the hysteresis abundance among these metals suggests a concept of minimum magnetic anisotropy required for magnetic hysteresis, which is found to be ≈ 13meV.
Magnetic anisotropy in ferromagnets is vital in magneto-electronic applications, such as giant magnetoresitance 1,2 and spin-transfer torque. [3] [4] [5] For example, in some applications, a strong spin-orbit anisotropy is desired in order to establish a hard or fixed reference magnetic layer, while in other applications, it is beneficial to use a weaker anisotropy in order to fabricate an easily manipulated, soft or free magnetic layer. The ability to tune the degree of anisotropy for various applications is therefore of utmost importance. In thermal equilibrium, the minimum anisotropy necessary for magnetic hysteresis is temperature dependent [6] [7] [8] . In this article, we address the minimum anisotropy in the case of a voltage-biased metallic ferromagnetic nanoparticle First studies of discrete levels and magnetic hysteresis in metallic ferromagnetic nanoparticles have been done on Co nanoparticles 9-11 . Here we discuss the magnetic hysteresis abundances in single electron tunneling devices containing similarly sized single nanoparticles of Ni, Py=Ni 0.8 Fe 0.2 , Co, and Fe. At 4.2K temperature. the probability that a given nanoparticle sample will display magnetic hysteresis in current versus magnetic field, at any bias voltage, was found to vary as follows:
Ni:Py:Co:Fe=0.04 :0.5 :1 :1. The very small (high) probability of magnetic hysteresis in the Ni (Fe and Co) nanoparticles suggests a concept of minimum magnetic anisotropy necessary for magnetic hysteresis, comparable to the average magnetic anisotropy of Py nanoparticle.
The minimum magnetic anisotropy is explained here in terms of the fluctuating spin-orbit torques exerted on the magnetization by sequential electron tunneling. These torques lead to the saturation of the effective magnetic temperature at low temperatures. In order for the nanoparticle to exhibit magnetic hysteresis at 4.2K, the blocking temperature must be larger than the residual temperature. The magnetic hysteresis abundances are found to be independent of the tunneling current through the sample, which suggests that the damping is proportional to the tunneling current.
I. EXPERIMENT
Our samples consist of similarly-sized ferromagnetic nanoparticles tunnel-coupled to two
Al leads via amorphous aluminum oxide barriers. First, a polymethilmetachryllate bridge is defined by electron-beam lithography on a SiO 2 substrate using a technique developed previously, as sketched in Fig. 1A . Next, we deposit 10nm of Al along direction 1. Then, we switch the deposition to direction 2, and deposit 1.5nm of Al 2 O 3 , 0.5-1.2nm of ferromagnetic The nominal thickness of deposited Co, Ni, and Py is 0.5-0.6nm. At that thickness, the deposited metals form isolated nanoparticles approximately 1 − 5nm in diameter. We find that if we deposit Fe at the nominally thickness 0.6nm, then the resulting samples are generally insulating. Thus, the deposited Fe thickness is increased to 1 − 1.2nm, which yields samples in the same resistance range as in samples of Co, Ni, and Py. We suppose that because Fe can be easily oxidized, Fe nanoparticles are surrounded by iron oxide shells.
Thus, our sample characterization suggests that it is appropriate to attribute the difference among Co, Ni, and Py samples to intrinsic material effects rather than size discrepancies, while, in Fe nanoparticles, the comparison is complicated by the uncertainty in the size of the metallic core. Still, we find the comparison with Fe to be fair, because of the wide range of nanoparticle diameters involved.
We obtain the transmission electron microscope (TEM) image of the deposited pure aluminum oxide surface, and the aluminum oxide surface topped with nominally 1.2nm of Fe, 0.55nm of Ni, and 0.6nm of Co, as shown in Fig. 2 Table. 1. All the Co (over 50) and Fe (6) The magnetic energy E M ( m) of the Fe/Ni/Py and Co nanoparticles can be written as
, respectively, where S 0h is the total spin in the nanoparticle, m is the magnetization unit The abrupt change in magnetic hysteresis abundance is monotonic with the calculated E B .
Since 50% of Py nanoparticles display hysteresis, it follows that the minimum anisotropy energy barrier required for magnetic hysteresis in our samples at 4.2K is ≈13meV. This energy barrier is too large to explain our findings in terms of the reduction in the blocking temperature among these metals. Experimentally, the magnetometry on similarly-sized nanoparticles show that the blocking temperature varies between 13 − 30K for Co and 6 − 20K for Ni. [18] [19] [20] [21] [22] Though Co nanoparticles appear to have higher blocking temperature than Ni nanoparticles, the difference in blocking temperature is not sufficient to explain the vast contrast in the hysteresis abundance in our nanoparticles under electron transport.
Theoretically, the Arrhenius flipping rate can be estimated as ν at exp(−E B /k B T ). Assuming ν at = 10 10 Hz, we obtain the magnetization flipping time of 100 hours, much longer than the time it takes to measure a magnetic hysteresis loop. We conclude that the breakdown in magnetic hysteresis we observe reflects the effect of sequential electron tunneling through the nanoparticle on magnetization. This effect will be discussed in Sec. 4.
III. NUMERICAL SIMULATIONS
The magnetic Hamiltonian for Ni and Fe nanoparticles can be written as
Co has uniaxial magnetocrystalline anisotropy, thus the magnetic Hamiltonian is
Here, n is the number of electrons in the nanoparticle while S 0h is the total spin. K 1,n , K 2,n , and K s represent magnetocrystalline anisotropy constants and the shape anisotropy constant per spin, respectively. α,β,γ=S x ,S y ,S z /S 0 .N is the demagnetization tensor. The magnetocrystalline anisotropy constants per unit volume K 1,V and K 2,V are obtained from
Refs. 14-17 . We obtain 2S 0 /N a from Ref. 12 , where N a is the total number of atoms in the nanoparticle. Then, S 0 /V = ρS 0 /N a M A , where ρ is the mass density and M A is the atomic mass. The average value of the magnetocrystalline anisotropy constants per spin
where M s is the saturation magnetization obtained in Ref. 13, 16 . Because of spin-orbit anisotropy fluctuations, (K 1,n , K 2,n ) fluctuate around (K 1 , K 2 ), respectively, according to the number of electrons n. We expect that the average magnetic anisotropy has strong material dependence, while the mesoscopic fluctuations in the total magnetic anisotropy energy due to single electron tunneling on/off, are independent of the material. [23] [24] [25] In Co nanoparticles, the change in total magnetic energy after electron tunneling-on is S 0 ∆K ∼ 0.4meV. 24 In Ni nanoparticles of the same size at 4.2K or below, S 0 and K are both ≈ 1/3 of the values in Co nanoparticles.
So, the relative fluctuations in magnetic anisotropy ∆K/K in Ni nanoparticles are enhanced 9 − 10 times compared to Co nanoparticles with the same size. At the same time, the magnetic energy barrier in Ni nanoparticles is suppressed because of the cubic symmetry and weak shape anisotropy. As a result, the magnetization in Ni nanoparticles is significantly more susceptible to perturbation by electron transport compared to Co or Fe nanoparticles.
The numerical simulation of the magnetization dynamics is based on the master equation modified from that in Ref. 26 . In the sequential tunneling regime, the number of electrons in the nanoparticle hops between n and n + 1. Assuming the electron tunnels through only one minority single electron state j, which reduces the spin of the nanoparticle by 1/2 after the electron tunneling-on event (including more electron states does not affect the result in a major way), the master equation can be written as
The first part of the master equation describes the magnetic tunneling transitions. Here, |α > and |α ′ > represent magnetic eigenstates of the nanoparticle , i.e., the eigenstate of H(n, S n ) with n or n + 1 electrons. |α > and |α ′ > can be obtained as superpositions of the eigenstates ofŜ 2 andŜ z , which are the pure spin-states |S 0 , m >. c jσ (c † jσ ) is the annihilation (creation) operator for an electron with spin σ on level j. Γ lσ denotes the tunneling rate to level j through the leads l = L, R for electron with spin σ and f l is the Fermi distribution in the leads.
jσ |α > is the tunneling transition matrix element for transition between the initial state |α > and the final state |α ′ >. The second part of the master equation describes the magnetic damping due the coupling to the bosonic bath.
Γ B is the rate related to the damping rate 1/T 1 . ρ B (∆E M ) is the spectral density of the boson which is set to be constant because it varies very slowly 26 . n B is the Bose-distribution function. In the simulation for Fig. 5 , S 0 = 100. Γ L,Rσ = 6 × 10 7 which corresponds to a current about 5pA. Γ B = 2 × 10 3 leads to a relaxation time of ∼ 2.5µs.
and (K 1,n+1 , K 2,n+1 ) = 0.75(K 1 , K 2 ). K s is taken from Table. 1.N is set to have 3 eigenvalues equal to 0.2, 0.3, and 0.5. VaryingN and the Euler angles, which were earlier defined, does not affect the qualitative result. The magnetic field is set to 0.001T to eliminate Kramers degeneracy. We set the nanoparticle to be initially at the ground state with n electrons. Then we iterate the master equation for 40µs. The magnetic state distribution of the nanoparticle gradually spreads from the ground state to other states and eventually becomes isotropic as shown in Fig. 5 .
IV. DISCUSSION AND CONCLUSIONS
The transfer of a single electron into the magnetic nanoparticle creates a fluctuation in the spin-orbit energy of the nanoparticle. [23] [24] [25] 27 Such a fluctuation in turn creates a spinorbit torque that is exerted on the magnetization. In the previous section, we show how a fluctuating spin-orbit torque can lead to isotropic distribution of the magnetization. The fluctuating spin-orbit torques are mesoscopic effects and do not depend significantly on the material of the nanoparticle. 23, 25 But, the nonfluctuating magnetic anisotropy, such as magnetocrystalline and magnetostatic shape anisotropy, depends strongly on the material. As the magnetic anisotropy of the nanoparticle is reduced, the strength of the fluctuating spinorbit torques relative to the deterministic torques will increase, creating a noise floor which sets the limit on magnetic anisotropy below which magnetic hysteresis cannot be observed in sequential electron tunneling. Such a noise floor is reflected by the abrupt change in magnetic hysteresis abundance in similarly sized Ni, Py, Fe, and Co nanoparticles. By contrast, in thermal equilibrium, magnetometery of the ensembles of similarly sized Co and Ni nanoparticles show much less dramatic change in the blocking temperature. [18] [19] [20] [21] [22] The minimum magnetic anisotropy also explains prior measurements of voltage biased single magnetic molecules, in a double tunneling barrier, which showed no signs of magnetic hysteresis, even at temperatures much lower than the blocking temperature, 28, 29 notwithstanding that the magnetometry of ensembles of such molecules showed magnetic hysteresis below the blocking temperature.
30,31
It may be surprising to the reader that the minimum magnetic anisotropy is found to be independent of the size of the tunneling current through the nanoparticle. The tunneling current we use in the measurements of current versus magnetic field, varies between 1pA and 100pA. A Co nanoparticle at 100pA is likely to exhibit magnetic hysteresis, while a Ni nanoparticle at 1pA is highly unlikely to do so. The ratio of the applied tunneling currents is one order of magnitude larger than the ratio of the energy barriers between the average Co and Ni nanoparticle. Since the data presented in this paper were gathered, we have studded single Ni nanoparticles at mK-temperature, and discovered that 2 out of the 5 measured
Ni nanoparticles display magnetic hysteresis at the onset voltage for sequential electron tunneling. 32 The hysteresis in current versus magnetic field was abruptly suppressed in the bias voltage range starting just above the lowest discrete energy level for single-electron tunneling. The abrupt suppression of magnetic hysteresis versus bias voltage was explained in terms of the magnetization blockade, which was caused by the bias voltage dependent damping rate. 32, 33 In the magnetization blockade regime, the ordinary spin-transfer 33 or the spin-orbit torques 32 are damped because of the small bias energy available for single-electron tunneling. In the voltage region where the magnetization is blocked, the spin-transfer and damping rates are both proportional to the electron tunneling rate, regardless of which spintransfer mechanism is at play (e.g. the ordinary spin-transfer or the spin-orbit torques). A change in the bias-voltage will change the damping rate, 32 but the effective magnetic temperature, controlled by the ratio of the damping rate and the spin-transfer rate, 33 will be independent of the electron tunneling rate. It is reasonable to assume that the magnetic nanoparticle will exhibit magnetic hysteresis in our experimental times scales, if the flipping time given by the Arrhenius law, based on the attempt frequency and the ratio of the energy barrier and the effective magnetic temperature, is longer than the hysteresis measurement time. Since neither the energy barrier nor the effective magnetic temperature depend on the tunneling current, this explains, at least in principle, why magnetic hysteresis abundances in our samples are so weakly dependent on the tunneling current. The characteristic temperature above which the two hysteretic Ni nanoparticles stop displaying magnetic hysteresis is 2−3K. 32 That characteristic temperature corresponds to the magnetization blockade energy, which is comparable to the single-electron anisotropy. We can conclude that the minimum magnetic anisotropy is the limiting anisotropy of the nanoparticle below which magnetic hysteresis cannot be guaranteed. If the magnetic hysteresis does occur in the nanoparticle with magnetic anisotropy smaller than the minimum magnetic anisotropy, it will do so below 2-3K temperature, the characteristic temperature of the magnetization blockade.
In summary, we have performed magnetoresistance measurements on a variety of ferromagnetic materials 1-5 nm in diameter at 4.2K, and found an abrupt change in magnetic hysteresis abundance between Ni, Py, Fe, and Co nanoparticles. This abruptness leads to the conclusion that there is a minimum magnetic anisotropy energy in a metallic ferromagnetic nanoparticle or a magnetic molecule out of equilibrium, required to guarantee magnetic hysteresis at low temperatures. The size of the tunneling current does not affect the minimum magnetic anisotropy. Our finding has an implication for the miniaturization of magnetic random access memory. 
